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Abstract 
Bi2Ca2Co1.7Ox thermoelectric ceramics were prepared by four different synthesis routes: 
coprecipitation with ammonium carbonate or oxalic acid, attrition milling, and solid state (as 
reference). Microstructure showed that coprecipitation and attrition milling produced sintered 
materials with less porosity and smaller particle sizes than the solid state ones. Thermoelectric 
properties reflect the microstructure, leading to materials with lower electrical resistivity and higher 
Seebeck coefficient, when compared with the solid state ones. In spite of an increase in thermal 
conductivity in these samples due to their lower porosity, the maximum estimated Figure-of-Merit is 
higher than in sintered materials. 
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1. Introduction 
Thermoelectric (TE) conversion is an effective technology that allows directly transforming thermal to 
electrical energy. It is considered one promising method to raise the efficiency of classical energy 
transforming systems, reducing CO2 emissions, and helping to fight against global warming. On the 
other hand, it is still necessary to raise the efficiency of these TE materials, quantified through the 
dimensionless Figure-of-Merit, ZT, defined as TS2/, where T, S, , and , are the absolute 
temperature, Seebeck coefficient, electrical resistivity, and thermal conductivity, respectively [1]. 
Nowadays, semiconducting and intermetallic materials are used in TE modules with high 
performances, but many are composed by heavy and/or toxic elements (Sb, As) which can melt or 
oxidize at high temperatures. These factors and their low abundance in earth’s crust, limit the 
number of possible applications. The discovery of high thermoelectric performances in NaxCoO2 [2], 
composed of non toxic, cheap, abundant, and environmentally friendly elements, provided a solution. 
As a consequence, new oxide materials have been explored, leading to the discovery of other 
layered cobaltites [3-6]. Anyway, their TE properties must be increased before considering them for 
practical applications [7]. One strategy exploits their anisotropy to align their grains [8-10], 
decreasing , while other tune up the thermoelectric parameters via doping [11,12]. On the other 
hand, only few works explore the synthesis methods, as usually samples are prepared by solid state 
[8,13], or sol-gel [9,14] routes. 
In this work, four different synthesis methods (coprecipitation using ammonium carbonate or oxalic 
acid, attrition milling, and solid state) will be used to determine the effect of initial particle size and 
homogeneity on the microstructure and thermoelectric performances of Bi2Ca2Co1.7Ox sintered 
materials. 
 
2. Experimental 
Bi2Ca2Co1.7Ox ceramics produced by coprecipitation were prepared from Bi2O3 (99.9%, Aldrich), 
CaCO3 (99%, Aldrich), and Co(NO3)2•6H2O (99%, Aldrich), starting powders. The presence of Bi 
affects the pH of coprecipitation processes compared to previous works [15], being 6.7 for 
ammonium carbonate, and 8.8 for oxalic acid. After precipitation, they were filtered, washed three 
times, and dried at 150ºC. The mixtures of Bi basic carbonate and Co(II) and Ca carbonates 
obtained with ammonium carbonate, and the Bi, Ca, and Co oxalates obtained with oxalic acid, were 
3 
 
heated at 450ºC to decompose them, producing CaCO3, and Co and Bi oxides with small particle 
sizes (around 50nm). 
In attrition milling and solid state, Bi2O3 (99.9%, Aldrich), CaCO3 (99%, Aldrich), and Co3O4 (99.5%, 
Panreac) have been used as starting powders. They were mixed and milled in an attrition mill at 
400rpm using ZrO2 balls, and in an agate ball mill at 400rpm, respectively, in water for 2h. The 
slurries were dried obtaining a mixture of CaCO3, and Co and Bi oxides with different grain sizes 
(200nm, and 1m, respectively). 
After these processes, all precursors were thermally treated at 750 and 800ºC for 12h, with an 
intermediate milling, to decompose the CaCO3, uniaxially pressed at 400MPa, and sintered at 800ºC 
24h with final furnace cooling. 
Hereafter, samples produced by ammonium carbonate coprecipitation will be named P1, by oxalic 
acid, P2, the ones by attrition milling, P3, and the solid state ones, P4. 
Microstructural observations were performed on the surfaces using a FESEM (Zeiss Merlin) fitted 
with an EDS system.  and S were determined in a LSR-3 (Linseis GmbH) between 50 and 650ºC. 
Thermal conductivity has been determined using the infrared photothermal radiometry (PTR) which 
measures thermal diffusivity (α) and effusivity (e), obtaining  from  = e √α [16,17]. At higher 
temperatures, a Linkam LTS 350 heating stage with an infrared transparent window (CaF2) has been 
used. ZT has been calculated from room temperature (RT) to 200ºC, and estimated at higher 
temperatures considering that  is maintained unchanged, considering previous results [11]. 
 
3. Results and discussion 
Micrographs of surfaces are displayed in Fig. 1, showing that P1, P2, and P3 samples possess lower 
porosity and secondary phases content than P4 ones, indicating that P1, P2 and P3 precursors 
possess high reactivity and homogeneity, due to their smaller particle sizes. Moreover, all samples 
are composed of three phases (distinguished by their contrasts): Bi2Ca2Co1.7Ox (grey, #1 in Fig. 1a) 
as major one, Co-free (white, #2 in Figs. 1a and b), and Bi-free (dark grey, #3 in Figs. 1a and b). 
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Fig. 1. FESEM micrographs obtained in materials prepared from precursors P1 (a), P2 (b), P3 (c), 
and P4 (d). Numbers indicate different phases: 1) Bi2Ca2Co1.7Ox; 2) Bi-Ca-O; and 3) Ca-Co-O. 
 
 data, displayed in Fig. 2, agree with these observations. P4 shows semiconducting-like behaviour 
(dρ/dT < 0) from RT to 550ºC and metallic-like one (dρ/dT>0) at higher temperatures, while the other 
samples show metallic-like behaviour and lower values in the whole measured temperature range. 
The minimum values at RT (30m.cm), are lower than in laser floating zone (LFZ) grown materials 
(95-120m.cm) [18], but higher than in single crystals (6m.cm) [11]. 
 
Fig. 2. Electrical resistivity vs. temperature of sintered materials prepared from precursors () P1, 
() P2, () P3, and () P4. 
 
Fig. 3 displays the S variation with temperature. All samples exhibit positive values in the whole 
measured temperature range, confirming hole conduction mechanism. P4 samples exhibit 
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comparable values to those reported elsewhere (150µV/K) at RT [19], while they are smaller than 
the obtained in P1, P2, and P3 (170V/K), comparable to LFZ grown materials (170V/K) [18]. 
These values are very high for sintered materials, as it is known that LFZ grown materials possess 
high amount of oxygen vacancies and, consequently, high S values [20]. When comparing with the 
data for single crystals at RT and 525ºC (125 and 180V/K, respectively) [11], P1, P2, and P3 
samples show much higher values (170 and 270V/K, respectively). 
 
Fig. 3. Seebeck coefficient vs. temperature of sintered materials prepared from precursors () P1, 
() P2, () P3, and () P4. 
 
The  values are constant between RT to 200ºC, being 2.10, 2.00, 2.20, and 1.60W/K.m for P1, P2, 
P3, and P4 samples, respectively. These values agree with microstructural observations and are 
consistent with reported data in single crystals at high temperature [11]. Moreover, despite the few 
reports on  for this material, there are some discrepancies, showing  values, at 300K, ranging from 
3 to 1W/K.m for bulk solid state or sol-gel prepared samples [19,21,22], which are in agreement.with 
the values measured in this work.  
With these data, ZT values have been calculated from RT to 200ºC and estimated at 650ºC, and 
displayed in Table 1. 
Table 1. Calculated (at RT and 200ºC) and estimated (at 650ºC) ZT values for all samples. 
 ZT 
Sample RT 200ºC 650ºC 
P1 0.016 0.027 0.094 
P2 0.015 0.026 0.090 
P3 0.017 0.029 0.099 
P4 0.002 0.005 0.023 
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It is clear that using small particle size precursors allows improving ZT (around four times), 
compared with samples prepared through classical solid state. Even if ZT values are small for 
practical applications, the maximum values at RT (0.017) are about two times higher than the 
obtained in sintered materials prepared via solid state or sol-gel (0.008) [21,22]. On the other hand, 
the calculated (0.017 at RT) and estimated (0.10 at 650ºC) ZT in P1, P2, and P3 materials are still 
far from the values in single crystals measured along the ab plane (0.13 and 0.25 at RT and 525ºC, 
respectively). It is worth to mention that the materials prepared in this work are not textured, possess 
a high number of grain boundaries and some porosity, which raises electrical resistivity and lowers 
TE performances compared with single crystals. 
 
4. Conclusions 
This work demonstrates that nanosized precursors lead to high performances Bi2Ca2Co1.7Ox 
thermoelectric materials. They decrease porosity and raise thermoelectric phase content, compared 
with the solid state route. This is reflected in the simultaneous raise of S, and . In spite of the  
increase, ZT values are higher than the reported in the literature for bulk sintered materials. 
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